At birth, lung fluid produced during fetal life must be cleared immediately and efficiently before the first breath takes place, in order for infants to achieve a normal and successful transition from prenatal to postnatal life. Postnatal lung fluid resorption is mediated through activation of airway epithelial sodium channels (ENaC). The observation that ENaC expression is a gestational age-dependent process contributes to our understanding of the development of respiratory distress in both term and preterm infants due to impaired clearing of fluid from their lungs. As fluid absorption, mediated by ENaC activity, in postnatal life has a significant biological role in preventing respiratory distress, any strategy that enhances ENaC activity can potentially help to decrease its incidence and associated morbidity.
Introduction
During fetal life, the potential airspaces of the lung are filled with fluid. As previously described, [1] [2] [3] [4] fetal lung fluid is actively secreted by epithelial cells and driven by active Cl À secretion. This Cl À -rich (>150 meq l À1 ) and virtually protein-free (<0.03 g per 100 ml) lung fluid has a significant role in fetal lung development. At birth, the fetal lung must rapidly clear its fluid-filled potential airspaces to allow effective gas exchange in postnatal life. To do so, the lung epithelium has to switch efficiently and rapidly from Cl À -driven fluid secretion to Na þ -driven fluid absorption. Fluid absorption is achieved by lung epithelium via vertical sodium absorption through epithelial sodium channels (ENaC). Failure of this normal transition from intrauterine to extrauterine life can eventually lead to clinical respiratory distress in the neonatal period, including transient tachypnea of the newborn (TTN) or neonatal respiratory distress syndrome (RDS) .
In this article, we review the cellular mechanism of fetal lung fluid secretion and absorption via the lung epithelium, factors that facilitate fluid absorption, clinical implications of impaired fetal lung fluid clearance during the perinatal period and review strategies available to help the lungs get rid of the alveolar fluid after birth.
Fetal lung fluid secretion
The initial key observation that led to the present understanding of fetal lung fluid production occurred in the 1940s when Jost and Policard 1 showed that fluid within the fetal lung arises from the lung and did not, as had been believed, represent aspirated amniotic fluid. In the 1960s, Adams et al. 2 showed that the fetal lung liquid usually has a high Cl À ion concentration and that movement of liquid into the developing fetal lung's lumen occurred as a result of the active transport of ions by the epithelium. 3, 4 This fluid secretion, which distended the fetal lung and flowed out into the amniotic space, has been shown by clinical observations to have physiological significance. When the volume of fetal lung fluid is abnormally small, lung hypoplasia occurs, as in conditions such as oligohydramnios, 5 pulmonary arterial occlusion 6, 7 and chronic drainage of fluid from the lungs of fetal sheep. 8, 9 In contrast, excess fetal lung fluid results in lung hyperplasia. This has been demonstrated in both animal studies and in cases in which an infant suffered from congenital laryngeal atresia. [9] [10] [11] The respiratory cells responsible for fetal lung fluid secretion are believed to be alveolar cells, including type 1 and type 2, which constitute about 99% of the total lung epithelial surface area. Other airway cells, including Clara cells and ciliated surface epithelial cells, may have some role in fluid secretion as well. 12 The cellular mechanisms that are responsible for fetal lung fluid secretion are well described in Figure 1 ; fetal lung fluid secretion arises from active Cl À secretion by the fetal distal lung epithelia. 3, 4, 13 Regulation of fluid secretion via control of Cl À transport has been investigated in a few studies that showed upregulation of lung fluid secretion by prostaglandins, growth factors and decrease of alveolar space size. Interestingly, it was observed in a mouse model that Cl À -driven fluid secretion is independent of cystic fibrosis transmembrane regulator, which may explain the absence of defective lung growth in cystic fibrosis. 12 Fetal lung fluid secretion has been studied utilizing various experimental models. Using a lung explant model in which distal lung explants were harvested from 16-day gestational age mice fetuses and cultured in media, our group have shown a continuous increase in cyst formation and in explant size, reflecting continuous fluid secretion (ref.14; Figure 2 ).
Lung fluid during and immediately after birth
Although secretion of fluid into the lung lumen is vital for growth of the fetal lung, this fluid must be removed at birth to help the newborn convert from liquid breathing to air breathing mode. Fetal lung fluid secretion declines in the last few days before labor, so the amount of airspace fluid the lung must clear is slightly decreased. Thus, lung water content is B25% greater after preterm delivery than it is at term, and newborn animals that are delivered by cesarean section without previous labor have considerably more liquid in their lungs than do animals that are delivered either vaginally or operatively after the onset of labor. 15, 16 Measuring lung water serially in newborn rabbit pups, Aherne and Dawkins 17 concluded that clearance of lung liquid began immediately after birth and was virtually completed within 2 h. The finding that delivery by cesarean section slowed lung liquid clearance, 18 particularly if undertaken before the onset of labor, 15 indicated that labor was in some way important to the process. Data have shown that fetal lung liquid is removed immediately after birth in a complex process rather than simply being squeezed out during passage through the birth canal, a process previously termed the 'vaginal squeeze'.
Birth itself was shown to be associated with a surge in fetal catecholamine secretion, which was critically linked to an increase in b-adrenergic-stimulated lung liquid clearance. Walters and Olver 19 demonstrated that both epinephrine and isoproterenol, but not norepinephrine, infused intravenously into chronically catheterized mature fetal sheep, caused rapid absorption of lung liquid that could be inhibited by previous treatment with propranolol. Moreover, the effect of epinephrine on fetal lung fluid secretion was further studied by Lawson et al., 20 who demonstrated that epinephrine infused into fetal sheep resulted in a decrease in tracheal flow. Other investigators have shown that lung lymphatics drained only a small fraction of the lung liquid cleared at birth, with most liquid passing directly into the pulmonary circulation. 21 Subsequent studies demonstrated that intraluminal administration of amiloride, a Na þ -transport inhibitor, blocked the effect of epinephrine on absorption of lung fluid, indicating that the lung liquid absorption is dependent on epinephrine-evoked Na þ transport. 19, 22 At birth, the lungs must clear their fluid rapidly to enable a normal transition from intrauterine liquid breathing to postnatal air breathing. To do so, the lung has to convert quickly and efficiently from a fluid secreting to a fluid-absorbing organ. As mentioned earlier, this complicated process is regulated by hormones such as catecholamines, glucocorticoids, thyroid hormone and other hormones, such as arginine vasopressin, somatostatin, dopamine and serotonin. 12 Fetal experiments have shown that active Na þ transport is crucial for transition from fetal to postnatal life. [22] [23] [24] [25] Otherwise normal newborn animals in which amiloride was instilled into the airspace before the first breath had markedly impaired postnatal lung liquid clearance with associated respiratory distress and hypoxemia. 26 After the amiloride-sensitive ENaC was cloned, 27 it was demonstrated that a-ENaC knockout mice, although having Figure 1 Model of fetal lung fluid secretion by epithelial cells. Basolaterally located ATPase extrudes Na þ in exchange for K þ (three Na þ ions for two K þ ions) and generates an B10-fold chemical gradient between the intracellular and extracellular fluid (B10 versus 135 mM, respectively). This action, combined with basolateral K þ channels, which create an intracellular electrical potential of approximately À40 mV, creates a marked electrochemical gradient for Na þ to enter the cell. The Na þ electrochemical gradient 'drags Na þ ' into the cell along with Cl À and K þ across the basolateral membrane via a Na
The negatively charged Cl À 'finds itself' within the cell that has a negative intracellular potential, and this electrical force enables Cl À to be 'pushed upstream' against its concentration gradient out of the apical anionselective channels. Na þ follows Cl À through paracellular pathways, with water flowing between or through cells via aquaporins. Clinical implication of lung fluid balance C Katz et al apparently normal fetal lung development, died shortly after birth because of defective ability to clear their lung fluid. 28 It is also known that ENaC-mRNA levels increase in fetal rat lung as it matures. 29 Interestingly, patients who have pseudohypoaldosteronism, the 'human a-ENaC subunit knockout', 30 do not have a comparable marked impairment in clearance of lung liquid at birth, as evidenced by lack of RDS at birth. 31 There are several potential explanations for this variation between species, including the possibility that low levels of a-ENaC subunits rescue the pseudohypoaldosteronism lung, 32 that the b-ENaC subunit may be the rate-limiting subunit in human respiratory epithelium as it is for murine lung airway epithelial Na þ transport 33 or that other Na þ -permeate ion channels compensate for deficient ENaC activity. Recently, it has been shown that a significant amount of Na þ transport and fluid movement across the apical lung epithelium occurs via amiloride-insensitive pathways, and 'atypical EnaC' was suggested as the sodium channels responsible for this portion of total sodium transport. 34 Cellular apparatus for epithelial Na þ transport and its significance at birth To transport Na þ actively, the epithelium must possess intercellular tight junctions and be polarized, the phenomenon whereby some membrane proteins are localized at the apical membrane and others are localized at the basolateral membrane. As illustrated in Figure 3 , the Na þ /K þ ATPase located at the epithelial basolateral side pumps Na þ out of the cell to generate an approximately 10-fold chemical gradient between the intracellular and extracellular fluid (B10 versus 135 mM, respectively). This action, combined with basolateral K þ channels, which create an intracellular electrical potential of B40 mV, generates a marked electrochemical gradient for Na þ to enter the cell. When there are apical membrane entry pathways, such as Na þ -permeate ion channels, which allow the ion to traverse the lipid cytoplasmic membrane, Na þ flows down its electrochemical gradient into the cell and is extruded across the basolateral membrane via the Na þ /K þ ATPase. The vectorial transport of Na þ results in Cl À and water passively following through paracellular or intracellular pathways. 35 Na þ -permeate ion channels are present in respiratory epithelium within the apical membrane, and their activity represents the rate-limiting step in lung epithelial Na þ transport. 35 An amiloride-sensitive epithelial Na þ channel (ENaC) has an important role in lung epithelial Na þ transport. In 1994, it was reported by Canessa et al. 27 that ENaC was made of three homologous subunits (a, b, g). ENaC has been proposed to be a heterotetrameric protein (abag), 36 but octameric or nonameric structures have also been suggested. 37, 38 The relative importance of these three subunits may vary between species and tissues. For example, in Xenopus laevis oocytes and human kidney, the a-subunit seems to be the critical subunit, 27 whereas the b-ENaC subunit may be the rate-limiting subunit for lung airway epithelial Na þ transport. 33 Clinical implications of impaired lung fluid clearance in the newborn A delay or impairment in lung fluid absorption at birth potentially leads to filling of the lung airspaces with fluid and causes a ventilation/perfusion mismatch, which eventually can culminate in respiratory distress of the newborn. Hummler et al. 28 showed that transgenic knockout mice with the a-ENaC gene disrupted die soon after birth because of an inability to remove fluid from their lungs. This supports the hypothesis that newborns who have difficulty in the transition to air breathing may present a diminished ENaC activity or expression. Gowen et al. 39 first demonstrated that human neonates with TTN had immature lung epithelial ion transport measured as an amiloride-induced drop in potential difference (NPD) between the nasal epithelium and subcutaneous space. NPD was reduced in infants with TTN and recovery of the TTN was associated with elevation of NPD. It was shown by Barker et al. 40 that preterm infants suffering from RDS also have less amiloride-sensitive transepithelial PD in their nasal respiratory epithelium, presumably reflecting deficient ENaC expression in their respiratory epithelium. Helve et al. 41, 42 studied the expression of ENaC in term normal neonates and preterm neonates with respiratory distress, and demonstrated that all the ENaC subunit levels are significantly Figure 3 Model of fetal lung fluid absorption by epithelial cell. Na-K ATPase pumps the Na þ out of the cell, creating an electrochemical gradient; Na þ passively enters the epithelial cell via ENaC in the apical aspect of the cell membrane. Cl À and water passively follow Na þ , through paracellular or intracellular pathways.
Clinical implication of lung fluid balance
C Katz et al lower in preterm infants. In another study, Helve et al. 42 showed that expression of subunits correlates with gestational age. At 1 to 5 h postnatal, they found lower expression of all subunits in preterm infants; by 22 to 28 h after birth, only the b-subunit had decreased in preterm infants, whereas the expression of all three subunits had decreased in term infants.
The same investigators have evaluated the role of ion transport in pulmonary adaptation by comparing lung compliance and activity of epithelial Na þ transport in healthy term infants. Using static lung compliance during quiet non-rapid eye movement sleep by means of double-occlusion technique and NPD for evaluation of ion transport, a significant correlation was found between the earliest NPD and lung compliance. In addition, they observed that infants delivered by cesarean section had a greater increase in compliance after the first hours presumably due to postnatal lung fluid absorption, and showed a significantly higher level of the a ENaC subunit. 43 These data suggest that ENaC expression is developmentally regulated, with peak expression in the alveolar epithelium achieved at term gestation, and that preterm and late preterm infants are therefore born with lower expression of ENaC, which makes them vulnerable to developing respiratory distress. Both deficiency of surfactant production and delay in lung fluid clearance seem to have central roles in the pathogenesis of RDS and TTN in this population. 41, 44, 45 Studies in human neonates have shown that immaturity of Na þ -transport mechanisms contribute to the development of TTN and RDS. 46 TTN TTN is the most common cause of early respiratory distress in the immediate neonatal period of term and late preterm infants, due to delayed resorption of fetal lung fluid after birth. 44, 47 About 33 to 50% of all neonates with respiratory distress have a clinical course consistent with TTN. 48 Greater frequency of TTN has been associated with cesarean delivery, male sex, mother's history of asthma, lower gestational age and maternal diabetes. 44, 45, 49, 50 Na þ transport was found to have an important role in the delay of lung liquid absorption and, as mentioned above, many authors reported immaturity or lower expression of ENaC subunits in preterm infants presenting with respiratory distress or in term and late preterm infants suffering from TTN. The removal of alveolar space fetal lung fluid at birth correlates with the rise in endogenous catecholamine during labor. Activation of b-adrenergic receptors ADRB1 and ADRB2, located in alveolar type II cells, stimulates transepithelial sodium uptake by increased expression of ENaC and Na-K-ATPase activity. Aslan et al. 49 found significant association between TTN and genetic variants in the ADRB1 and ADRB2 locus; the loss-of-function polymorphism of the b1Gly49 receptor in vivo could explain association between b1Gly49 polymorphism, allele and TTN. No genetic variations have been found in the a-subunit of the ENaC gene leading to a reduced function causing TTN. Faxelius et al. 51 reported lower tidal volume, minute ventilation and dynamic compliance at 30 min and 2 h after birth in infants delivered by cesarean section, when compared with those delivered vaginally (the concentrations of catecholamine and cortisol were greater in the vaginal group), presumably reflecting impaired lung fluid removal. Late preterm infants presenting with respiratory distress may also show some immature production of surfactant, which when combined with delay of lung fluid clearance, would potentially lead to more severe respiratory morbidity. 45 Late preterm elective cesarean section and associated respiratory morbidity An increasing number of cesarean sections are being performed each year in the United States and other countries, especially repeat cesarean section or by maternal choice ('section on demand'). The intervention without trial of labor is correlated with greater incidence of respiratory problems in the neonatal period. Respiratory distress is estimated to occur in 6.2% of the infants delivered by elective cesarean. 52 Late preterm (between 37 and 39 gestational weeks) delivery was reported to be associated with greater incidence of TTN and RDS due to iatrogenic prematurity, severe persistent pulmonary hypertension, hypoxic respiratory failure, neonatal intensive care unit admissions, mechanical ventilation, oxygen therapy, extra corporeal membrane oxygenation and death. 52 Respiratory morbidity inversely correlates with gestational age; thus, delaying elective cesarean section to 38 to 40 weeks has been shown to decrease that morbidity. In addition, the risk of perinatal death associated with a trial of labor following previous cesarean delivery is low. 52 Expression of ENaC has been demonstrated to be lower in infant delivery by cesarean; 43 a good explanation for that, mainly when the cesarean is performed without a trial of labor, is the lack of the microenvironment prepared by the labor.
Prenatal and postnatal approaches to enhance fetal lung fluid clearance Antenatal glucocorticoids have been shown to reduce the risk and incidence of life-threatening complications such as RDS related to preterm delivery. The beneficial effect of corticosteroids on fetal lung maturation is believed to be induced by surfactant synthesis and secretion; [53] [54] [55] [56] however, in some part, the beneficial effect of corticosteroids on minimizing respiratory distress especially in late preterm infants may well be mediated by enhancing ENaC activity and thus improving fetal lung fluid removal. Indeed, glucocorticosteroids have been shown to induce a-ENaC transcription, 57, 58 and in human fetal lung explant cultures all three ENaC subunits were upregulated by glucocorticosteroids. 59, 60 Glucocorticosteroids also increase the number of available sodium Clinical implication of lung fluid balance C Katz et al channels by increasing ENaC trafficking and decreasing the rate of degradation of existing channels 61, 62 and improving lung responsiveness to b2 stimulants and thyroid hormones. 63 Stutchfield et al. 64 have shown that two doses of betamethasone given 48 h before cesarean section significantly decreased admissions due to respiratory distress. It was also shown that preterm babies whose mothers received betamethasone had shown improvement in pulmonary adaptation, 65 presumably reflecting improved fetal lung fluid clearance. In animal models, glucocarticoid increases pulmonary edema clearance and ENaC expression in adult rat lung. 66 As such, routine administration of antenatal glucocorticosteroids to reduce neonatal morbidity in late preterm infants born by elective cesarean section has been suggested by some authors. 52 Though TTN is mostly a self-limited clinical situation and requires only minimal intervention, it is associated with longer stay in the hospital for mothers and infants, at increased cost, and occasionally results in serious complications ('malignant TTN') that require mechanical ventilator support. 67 Thus, the recent increase in the rates of elective cesarean sections and delivery of late preterm or term infants, who are at higher risk of TTN, emphasizes the need to evaluate the cost benefit of such antenatal treatment. In addition, ongoing and future research of the Na þ -transport mechanism and perinatal lung fluid clearance will hopefully establish evidence-based clinical protocols for the postnatal treatment of respiratory distress resulting from delayed fluid clearance. In particular, the potential use of pharmacological agents that can enhance fluid resorption needs to be evaluated.
Summary
Lung fluid is crucial for fetal lung development, yet it has to be cleared effectively and quickly at birth with very short notice in order to allow normal transition from prenatal to postnatal life. Lung fluid absorption is actively driven by active Na þ absorption via apically located ENaC and coordinated with basolaterally located Na-K ATPase channels. Impaired ENaC expression resulting in decreased lung fluid resorption leads to respiratory distress as seen in premature babies, or TTN in late pre-term and term babies. As was described, normal transition from prenatal to postnatal life in late preterm babies is associated with active labor, which apparently has an important role in clearing fluids from the potential airspaces of the lungs during birth. To prevent respiratory morbidity, it is recommended by the American College of Obstetrics and Gynecology to schedule elective cesarean sections at 39 weeks' gestation or later on the basis of menstrual dates or waiting for the onset of spontaneous labor. Antenatal betamethasone administered before elective cesarean section needs to be evaluated as treatment of choice to reduce the respiratory morbidity in infants, although future research aiming at other novel treatments that will enhance sodium transport via lung epithelium is equally necessary.
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